The aim of the investigation was to assess the geographical distribution, diversity and gaps in sorghum collection from East African countries conserved at the ICRISAT genebank. The collection represents a total of 12,750 accessions including 11,672 landraces, 877 breeding materials, six improved cultivars, and 195 wild accessions. Passport data and FloraMap, a GIS software were used to assess geographical distribution and identify gaps. Range, mean, variance and phenotypic diversity index were estimated using GENSTAT 13.1. to assess the diversity in the collection. Cultivated sorghums classified into races and intermediate races based on spikelet and panicle morphology differed significantly, and races showed more variation than intermediate races for days to 50% flowering in postrainy season, plant height in rainy season, basal tillers per plant, panicle length, seed width and 100 seed weight. A total of 153 districts located in 50 provinces of 10 East African countries were found as the geographical gaps. Probably due to large variation for maturity, timing of collecting mission, and accessibility to the area under sorghum cultivation, both North and South Sudan were found as the major gaps with seven and 50 districts, respectively. The wild sorghum collection from East African countries belongs to S. bicolor, S. halepense, S. lanceolatum, S. macrochaeta, S. purpureosericeum and S. versicolor. Remaining species of genus sorghum were considered as taxonomic gaps. The gaps identified in the present study need to be explored on a priority basis to collect and conserve most diverse sorghum germplasm.
Introduction
Sorghum [Sorghum bicolor (L.) Moench] is the fifth most important cereal crop grown in both temperate and tropical regions in Africa, Asia, Europe and the Americas. It is a versatile crop capable of growing well under contrasting climatic conditions and high elevations up to 40 o latitude in East Africa (Espinoza and Kelly, 2002; Srinivasa Rao et al., 2014) . Sorghum is a staple for over 500 million of the world's poorest people, used for food, feed and fodder purposes (Mace et al., 2013) . Its alternative uses include production of beer, alcohol, syrup, bakery items, industrial starch, etc. Sorghum is grown on an estimated area of 44.79 m ha with a production of 70.83 Mt (FAO, 2014 , accessed on 11 June 2016 . Area wise, Sudan (8.4 m ha), India (5.8 m ha), Nigeria (5.4 m ha), Niger (3.6 m ha), USA (2.6 m ha) and Mexico (2.0 m ha) are the major sorghum growing countries in the world. In East Africa, it is grown over an estimated area of 12.3 m ha in Sudan (8.4 m ha), Ethiopia (1.83 m ha), Tanzania (0.80 m ha), Uganda (0.37 m ha), Somalia (0.24 m ha), Eritrea (0.25 m ha), Kenya (0.21 m ha), Rwanda (0.11 m ha), Malawi (0.09 m ha) and Burundi (0.03 m ha) (FAO, 2014) . Crop losses due to extremes in the environment have risen steadily over the past several decades. Climate models predicted an increased incidence of floods, droughts, and extreme temperatures (Dwivedi et al., 2013; Mickelbart et al., 2015) . Genetic erosion was estimated at about 72% and the importance of diversity loss is becoming more important (Hammer et al., 1996) . Genetic erosion occurs due to several factors, including replacement of landraces by improved cultivars, concomitant natural catastrophes (droughts, floods, fire hazards, etc.), human settlements, overgrazing, climate change, destruction of plant habitats for irrigation projects, etc. . Genetic loci that ensure productivity in challenging environments exist within the germplasm of crops. Therefore, collection and conservation of crop genetic resources are most important, so as to ensure the availability of a wide genetic base to present and future crop improvement programs. Landraces have been recogni-sed as a source of traits of local adaptation, stress tolerance, yield stability and seed nutrition (Dwivedi et al., 2016) . To achieve near completion of species diversity assembling, there is an urgent need for critical assessment of existing collections for status, genetic diversity and gaps, and for launching germplasm collection missions in un-and underexplored areas. Geographic Information Systems (GIS), such as FloraMap, DIVAGIS, ARCGIS, Maxent and remote sensing have enabled better understanding of species distributions, crop cultivation and the representativeness of germplasm collections. The potential of new science tools has opened up data repositories at no cost (NASA, 2014; USGS, 2014) . Using these GIS software and spatial data, geographical and taxonomic gaps were identified in different crops to enrich the existing collections for diversity (Jones et al., 1997; Maxted et al., 2008; Upadhyaya et al., 2013 Upadhyaya et al., , 2014a Upadhyaya et al., , 2015 .
The genebank at the International Crops Research Institute for the Semi-Arid Tropics,(ICRISAT) India, conserves 39,923 accessions of sorghum germplasm from 93 countries, including 12,750 accessions from 10 East African countries. East Africa, being the primary center of diversity for sorghum, identification of gaps with respect to geographical and species diversity provides important sources for diversity of cultivated, wild and weedy relatives that will enrich the genebank collection. Therefore, this study aimed to assess the geographical distribution, diversity and gaps in the sorghum germplasm collection from East African countries conserved at the ICRISAT genebank, to enrich the sorghum genepool.
Results

Current status of collection
The world collection of sorghum germplasm from East African countries (12,750 accessions) conserved at the ICRISAT genebank, India, is from a wide range of latitudes ranging from 17.03 o S (Malawi) to 19.33 o N (Sudan). The collection includes accessions from Burundi (140), Eritrea (193) , Ethiopia (4, 392) , Kenya (998) , Malawi (425) , Rwanda (291), Somalia (447), Sudan (3, 171) , Tanzania (821) and Uganda (1, 872) (Table 1) . Initially, ICRISAT assembled the sorghum germplasm by (i) introducing already collected germplasm from various organizations located in different countries; and (ii) launching systematic germplasm collection missions in East African countries.
Germplasm introduced
A total of 10,764 accessions originated in 10 East African countries were introduced from 31 organizations located in 14 countries (Table 1) . A maximum of 3,121 accessions originating from seven countries were introduced from the Rockefeller Foundation, New Delhi, India. Another major donor organization was the Ethiopian sorghum improvement project, Nazareth (now Melkasa), which donated 2,338 accessions originating in Eritrea (6) and Ethiopia (2, 332 Rao and Mengesha 1979; Remanandan and Mengesha, 1981) and Makerere University, Kampala, Uganda in Uganda (Singh et al., 1991; Gopal Reddy et al., 1993) .
Sources of germplasm
Majority of the sorghum accessions from East African countries assembled at ICRISAT genebank were received from various institutes (9,970 accessions) located in various countries, while remaining were from farmers' field (2,490 accessions), wild habitats (193 accessions), farm stores (70 accessions), local markets (16 accessions) and threshing floors (11 accessions).
Intensity of germplasm collection
The sorghum collection from East African countries represents a total of 971 geographical sites of germplasm collection in Burundi (38), Eritrea (5), Ethiopia (171), Kenya (156), Malawi (50), Rwanda (21), Somalia (47), Sudan (134), Tanzania (112), and Uganda (237). The average number of samples per geographical site (18 x 18 sq km) in the entire collection from East African countries was nine. The average number of sorghum samples collected per geographical site was 37 in Eritrea, 20 in Ethiopia, 11 in Sudan, eight in Somalia, six in Malawi, four each in Kenya, Uganda and Tanzania, and three in Burundi.
Biological status of the collection
The sorghum collection from East African countries includes 11,672 landraces, 877 breeding materials, 195 wild accessions, and six improved cultivars (Table 1) . The cultivated sorghum collection includes 12,555 accessionsbelonging to five basic and 10 intermediate races (Table 2 ). Harlan and de Wet (1972) classified the cultivated sorghums into five basic races (bicolor, guinea, caudatum, kafir and durra) and 10 intermediate races (guinea-bicolor, caudatum-bicolor, kafir-bicolor, durra-bicolor, guineacaudatum, guinea-kafir, guinea-durra, kafir-caudatum, durra-caudatum and kafir-durra) (Table 2) .
Gaps in the collection
Geographical gaps
Probably due to large variation for maturity, timing of collecting mission, and accessibility to the area under sorghum cultivation, both North and South Sudan were found as the major gaps with seven and 50 districts, respectively. (Fig. 1, Table 3 ).
Taxonomic gaps
The genus sorghum comprising about 22 species provides a rich source of diversity for sorghum improvement (Harlon and De Wet, 1972; de Wet, 1978) . The wild relatives collection from East Africa at the ICRISAT genebank consists of only six predominant species, namely, S. bicolor, S. halepense, S. lanceolatum, S. macrochaeta, S. purpureosericeum and S. versicolor (Table 2) . S. bicolor subspecies drummondii (99 accessions) and subspecies arundinaceum (70 accessions) were predominant in the collection. Accessions of all other species were found in negligible number (<5 accessions). Among the countries, Sudan was found as an important source with 57 accessions of wild relatives' followed by Ethiopia (40 accessions) and Uganda (31 accessions). S. bicolor subsp. drummondii was found in eight countries, S. bicolor subspecies arundinaceum race verticilliflorum in seven countries, and race arundinaceum in five countries. All other species were found in less than three countries. Though Ethiopia being the origin place and considered as the rich source for sorghum diversity, it is represented by only two species -S. bicolor ssp. arundinaceum race verticilliflorum and S. halepense (Table  2) . Therefore, the wild relatives' collection of sorghum from East Africa indicates major taxonomic gaps.
Diversity in the collection
Qualitative traits
Qualitative traits are very useful in distinguishing accessions. A high proportion (97.5%) of the accessions in the collection had pigmentation (Table 4) . Tan plant color, which is said to be associated with resistance to leaf diseases and grain weathering (Frederiksen and Duncan, 1982; Duncan et al., 1991) , was found in 2.4 per cent of the collection. Sudan was found as an important source for tan plant color accessions (5.6%). All accessions from Burundi, Rwanda and Somalia produced pigmented plants. All accessions from Somalia and 90% accessions from all other countries produced basal tillers. Four midrib colors (brown, dull green, white and yellow) were found in the collection of which white midrib color was predominant (79.9% accessions), followed by dull green (14.9%) and yellow midrib (5.1%). One accession each from Ethiopia (IS 11861) and Malawi (IS 21549) produced brown midrib leaves, the trait associated with low lignin content and increased digestibility for livestock (Oliver et al., 2005; Gressell, 2008) . More than 60% accessions from all countries produced leaves with white midribs. Ten panicle types (panicle compactness and shape) with predominance of semi-compact elliptic type (33.3%) followed by semi-loose stiff branches (32.9%) were observed in the collection. High frequency of compact elliptic (30%) and compact oval (64%) panicles were observed in the collection from Somalia. Seventy-nine per cent of accessions from Malawi produced panicles with semi-loose stiff branches. Twelve glume colors were observed in the collection with predominance of black glume accessions (29%). One accession each from Kenya (IS 21336) and Malawi (IS 21631) produced white glumes. Fiftyone per cent of total accessions produced grains covered onefourth with glumes. High frequency of accessions from Tanzania (17.1%) produced uncovered grains. Twelve seed colors were found in the collection from East Africa and the collection from Ethiopia represented all seed colors. The collection from Malawi (55%) and Tanzania (26.6%) were found to be important sources for white seed sorghum, which is preferred by farmers. The proportion of lustrous (49.3%) and non-lustrous (50.3%) accessions was almost the same in the collection. Maximum accessions (95%) from Kenya produced non-lustrous seeds. Absence of seed sub-coat was predominant in the collection (69%) with maximum frequency of accessions from Malawi (66.1%). Only 1.1% accessions produced completely corneous seed and 27.8% produced completely starchy seeds. All accessions from Rwanda were freely threshable and produced completely starchy seeds. More than 50% of accessions from all other East African countries were freely threshable.
Quantitative traits Range
Basic races varied widely than intermediate races for days to 50% flowering in postrainy season, plant height in rainy season, basal tillers per plant, panicle length, seed width and 100 seed weight (Table 5 ). Race bicolor varied widely for panicle exsertion and panicle length; caudatum for days to 50% flowering in postrainy season, plant height in rainy season and basal tillers per plant; durra for days to 50% flowering in rainy season seed width and seed weight; durrabicolor for plant height in postrainy season and panicle exsertion and width and durra-caudatum for days to 50% flowering in rainy season. Variation was relatively less in accessions belonging to race kafir, kafir-bicolor, kafircaudatum and kafir-durra than in other races. Among all races, bicolor, caudatum, durra, durra-bicolor and durracaudatum were found to be important sources for one or more traits under study. Caudatum for early flowering and short height in both seasons and more basal tillers per plant; durra for larger seeds; durra-bicolor for tall height and high panicle exsertion, were recognized as promising sources for high variability. The collection from Ethiopia varied widely for plant height in both rainy and postrainy seasons, panicle exsertion, panicle width and 100 seed weight. Days to 50% flowering in rainy season and seed width in collections from Sudan; days to 50% flowering in postrainy season in the Ugandan collection; and panicle length and seed width in Tanzanian collection, varied widely. The landraces from Ethiopia for early flowering and short plant height in both seasons, high panicle exsertion, panicle width and 100 seed weight; Kenya for high basal tiller number; Sudan for early flowering in postrainy season, tall height in rainy season and larger seeds and Tanzania for long panicles, were found as promising source countries for variability.
Means
The Newman-Keuls test of significance for mean values indicated significant differences between basic and intermediate races for days to 50% flowering in postrainy season, plant height in rainy season, basal tillers per plant, panicle exsertion, length and width, seed width and 100 seed weight (Table 6 ). Germplasm of basic races flowered late in the postrainy season, grew tall in the rainy season and produced more basal tillers, small panicles and larger seeds than those of intermediate races. The Newman-Keuls test indicated significant differences among races (Table 6) . Accessions of bicolor flowered late, produced long and stout panicles with small seeds. Kafir flowered significantly earlier than other races in rainy season and grew short in both seasons. Durra and guinea-durra produced significantly larger seeds than all other races. Durra-bicolor grew tall in both seasons and produced stout panicles. Kafir-caudatum flowered earlier than all other races and produced larger seeds. Accessions from Eritrea flowered early and grew short in the postrainy season and differed significantly from those of other countries. The collection from Ethiopia, which is considered as the primary center for diversity produced highly exserted stout panicles than those from other countries. Sorghum germplasm from Malawi produced more basal tillers, highly exserted long and stout panicles, and differed significantly from that of other countries. Accessions from Somalia flowered early in the rainy season and those from Sudan in the postrainy season. Accessions from Tanzania flowered late and grew tall in both seasons and differed from those of other countries.
Variances
Levene's test of significance for variances revealed highly significant variances for all traits under study, except basal tillers per plant, revealing high heterogeneity in accessions under study (Table 6 ).
Phenotypic diversity
Principal component analysis (PCA) was carried out using standardized data of 10 quantitative traits. The first 3 PCs captured 64.1%, 65.7% and 62.1% of total variation in the entire collection, basic and intermediate races, respectively data not shown. PC1 was the important one and explained 29.7% of variation in the entire collection, 29.4% in basic races (Fig. 2a) , and 31.9% of variation in intermediate races (Fig. 2b) and differentiated accessions by high positive factor loadings by days to 50% flowering, plant height, panicle length and panicle width. Seed width and seed weight showed high negative factor loadings in all groups. PC2 explained 20.1% of variation in the entire collection, 21.4% in basic races, and 16.2% in intermediate races and differentiated accessions by high positive loadings by all traits except days to 50% flowering. PC3 explained 14.4% of variation in entire collection, 14.9% in basic races, and 14.0% in intermediate races and differentiated accessions mainly due to high positive loadings by basal tillers per plant, panicle exsertion and panicle length. Days to 50% flowering and plant height showed high negative loadings.
The Shannon-Weaver diversity index (H`) was calculated for all traits of races and countries to compare phenotypic diversity for 10 quantitative traits (Table 7) . The diversity index values (H`) were variable among traits. Mean diversity index (H') ranged from 0.429±0.095 for basal tillers per plant to 0.581±0.057 for 100 seed weight. Mean diversity over all traits varied from 0.385±0.058 in kafir to 0.589±0.048 in caudatum-bicolor. Landraces of durrabicolor were highly diverse for flowering and plant height in postrainy season, panicle length and width, seed width and weight. The collection -from Eritrea for panicle exsertion; Ethiopia for flowering in postrainy season and panicle length; Kenya for days to 50% flowering in rainy season and seed weight; Malawi for seed width; Somalia for plant height in rainy season; Sudan for basal tillers per plant; Uganda for panicle width; and Tanzania for plant height in postrainy season -was highly diverse.
Discussion
The adequacy of the collections to provide useful genes for current and future crop improvement programs will depend on the collecting efforts in obtaining good representation of the existing genetic diversity within crop species and on the quality of preservation procedures and facilities. Though the global germplasm collections are large, there are still sizeable gaps in the ex situ collections of many major crops including sorghum (Jones et al., 1997; Maxted et al., 2008; Upadhyaya et al., , 2010 Upadhyaya et al., , 2012 Upadhyaya et al., , 2014a Upadhyaya et al., , 2015 . Generally, the goal of genebanks is to preserve maximum genetic diversity and that is feasible through identification and exploration of gaps in the collections. But the lack of geo-referenced data for collections and its inaccuracy are the major constraints for spatial analysis and identification of gaps. Therefore, updating passport data for location information and georeference data and their validation are essential for the identification of gaps in existing collections using spatial analysis.
Sorghum originated in the north-eastern quadrant of Africa, where the greatest variability in wild and cultivated species is found. It was probably domesticated in Ethiopia between 5,000 and 7,000 years ago. From the center of origin, it was distributed along trade and shipping routes throughout Africa, and through the Middle East to India at least 3,000 years ago (de Wet and Harlan, 1971; Dogget, 1988) . Fuller (2002) reported Ethiopia as the potential region for sorghum diversity. Germplasm collection reports at ICRISAT revealed the distribution of sorghum in Bubanza, Bururi, Buzumbura and Kirundo provinces in Burundi (Prasada Rao and Mengesha, 1982a) ; Kigali, Gitarama and Butare in Rwanda (Prasada Rao and Mengesha, 1982b) ; Gambella region in Ethiopia (Prasada Rao and Mengesha, 1981) ; Gezira, Kasala and Blue Nile provinces in Eastern Sudan (Prasada Rao and Mengesha, 1980) and Singida, Mbeya provinces in Tanzania (Prasada Rao and Mengesha, 1979) . Appa reported the cultivation of sorghum in maize fields and backyards in Malawi for chewing purpose. Ramanatha reported that the occurrence of durra sorghum is common in Somalia.
The size of collections from East African countries at the ICRISAT genebank is large. More accessions per geographical site was observed in Eritrea (37), Ethiopia (20) and Sudan (11), indicating high intensity of the collection probably because of cultivation of highly diverse sorghum in the primary center of diversity, during the collection season. However, the number of geographical collection sites are very less when compared to the area under sorghum cultivation in entire East Africa (1:13,435 ha), Sudan (1:62,519 ha), Eritrea (1:50,094 ha), and Ethiopia (1:10,729 ha), indicating major geographical gaps.
Being the primary center of diversity for sorghum, large variation was observed in the collection from East African countries. Highly significant variances for all traits under study, except basal tillers per plant, indicated highly significant differences among the accessions under study. Upadhyaya et al. (2014b) reported large variation for most of the morphoagronomic traits in the world collection of sorghum at ICRISAT. In the present study, basic races varied widely compared to intermediate races for most of the traits, and variation was relatively less in landraces belonging to race kafir, kafir-bicolor, kafir caudatum and kafir-durra than those of other races. To add the trait-specific germplasm to the existing collection from East Africa, gaps in Ethiopia for plant height, panicle exsertion, panicle width and 100 seed weight; Sudan for days to 50% flowering and seed size; Uganda for days to 50% flowering and Tanzania for panicle length and seed size, need to be explored. Races, guinea, kafir, guinea-bicolor, caudatum-bicolor, kafir-bicolor, kafircaudatum, kafir-durra and guinea-kafir, which represented <20% in the total collection need to be collected from East African countries for good representation of races and countries and for increased diversity in the collection. Kamala et al. (2014) reported the distribution of guinea in Eastern and Western Africa and kafir in South-Eastern Africa.
The sorghum collection from East African countries serves as an important source for beneficial genotypes. Forty sorghum germplasm accessions that are conserved at the ICRISAT genebank were released directly as 42 cultivars in 18 countries, and thirteen of them are from five East African countries. IS 8193 that originated in Uganda has been released as IS 8193 in Rwanda and as KARI Mtama 2 in Kenya. IS 18758, a popular guinea-caudatum landrace that originated in Ethiopia has been released as E 35-1 in Burkina Faso and as Gambella 1107 in Burundi. IS 18758 is an excellent source for desirable plant type, high grain yield, good grain quality and resistance to leaf diseases (Reddy et al., 2004; Upadhyaya et al., 2014b) . At ICRISAT, several promising sources for different biotic and abiotic stresses and other useful traits were identified in the collection from East African countries. Examples include: IS 18758 from Ethiopia for anthracnose, leaf blight and rust; IS 18551 from Ethiopia for stable resistance to shoot fly; IS 3121 from Kenya for grain mold resistance; IS 2333 from Sudan for grain mold and downy mildew resistance; IS 3547 from Sudan for grain mold, downy mildew, anthracnose and rust resistance; IS 9955 from Sudan for high seed protein content (21%); IS 19604 from Sudan for salinity tolerance; IS 9830 and 9951 from Sudan for Striga resistance and IS 2266, IS 3572 and IS 9890 from Sudan for high soluble sugars (>16%) in stalk juice; IS 9108 from Kenya for post-flowering drought tolerance (Reddy et al., 2004; Reddy et al., 2008; Upadhyaya et al., 2017) . Prasada Rao and Mengesha (1980) reported Dabar and Feterita landraces from Sudan as the bird tolerant. Prasada Rao and Mengesha (1982b) reported that sorghum cultivated at low temperatures prevailing at higher altitudes in Rwanda could be a good source for cold tolerance. As evidenced in the present study, sorghum germplasm from Sudan for tan plant color, from Somalia for high basal tillering, from Malawi and Tanzania for white seeded sorghum, and from Rwanda for easily threshable sorghums, could be good sources Therefore, there is a need to explore the gaps in these countries and evaluate the entire sorghum collection from East Africa systematically to identify more beneficial accessions.
A pointed collection mission launched in Gambella region in Ethiopia revealed the cultivation of Zera-zera sorghums on banks of the Bari river by the Agnwaks community (Prasada Rao and Mengesha, 1981) . White Nile riverside was also a potential area for Zera-zera sorghum cultivation. Due to the tremendous importance of Zera-zeras, IBPGR, Italy recommended their intensive collection from the SudanoEthiopian border (Prasada Rao and Mengesha, 1981) . Zerazera sorghums from Ethiopia were found promising for high yield, grain quality, grain mold and charcoal rot resistance. Therefore, these Zera-zeras were extensively used in sorghum breeding programs. IS 18484, a converted line of IS 3541 Zera-zera, was released as variety CSV 4, by the All India Coordinated Sorghum Improvement Program (AICSIP), in India (Prasada Rao and Mengesha, 1981) .
Sorghum is a highly variable genus with about 22 species (Kamala et al., 2014) . Crop wild relatives (CWR) possess higher levels of stress resistance and useful adaptive and nutritional traits. For example, Kamala et al. (2014) reported S. halepense as a source of resistance for downy mildew. Mote (1984) reported the S. purpureosericeum as a source for higher levels of resistance to the shoot fly. The wild relatives' collection from East African countries at ICRISAT genebank is poorly represented with only 195 accessions belonging to six species (Table 2 ). Except S. bicolor subspecies drummondii (99 accessions) and subspecies arundinaceum (70 accessions) all other species were found in negligible numbers (<5 accessions). Globally, genetic resources have primarily been conserved with utmost attention given to collecting and maintaining landraces and the collection of wild relatives was not a priority (Frankel and Hawkes, 1975; Smith et al., 2003; Maxted and Kell, 2009 ). None of the collection missions launched by ICRISAT was exclusively for wild sorghums. Therefore there is a need to launch systematic collection missions in East African countries, exclusively for wild relatives of sorghum to fill taxonomical gaps in the collection, before we lose them forever due to several reasons such as natural calamities, urbanization, etc. Prasada Rao and Mengesha, 1979 , 1980 , 1982a Gopal Reddy et al., 1993) . Remanandan and Mengesha (1981) reported the occurrence of wild sorghum on field bunds and cultivated sorghum fields near Mbeya and also suggested exploring the Zanzibar islands in Tanzania on a priority basis. Prasada Rao and Mengesha (1979) reported the occurrence of wild sorghums in high rainfall regions of Southern Tanzania, mainly in Mtwara region.
The collection under study is from a wide latitudinal distribution of 17.03 o S to 19.33 o N. Therefore, exploration of gaps identified in this study could be very useful for collecting highly diverse germplasm adaptable to diverse climates (Damon, 1962) . The gaps may be prioritized depending upon the threat to diversity, availability of resources, and accessibility to the target region, in consultation with local government officials, NARS scientists, extension officers and non-governmental organizations, who will have the knowledge of sorghum cultivation in the districts. Past collection reports and catalogues may be considered while preparing route maps for exploring the identified gaps. It is also important to collect all collection-related information, including geo-reference data, while collecting germplasm samples in order to facilitate future mapping efforts. The collection under study can be accessed following the Standard Material Transfer Agreement (SMTA) of International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA) and passport and characterization data can be accessed at www.ICRISAT.org.
Materials and Methods
Gap analysis
The ICRISAT genebank conserves 39,923 sorghum germplasm accessions from 93 countries. Of this 12,750 were assembled/collected from 10 East African countries namely Burundi, Eritrea, Ethiopia, Kenya, Malawi, Rwanda, Somalia, Sudan, Tanzania and Uganda. To identify geographical and taxonomic gaps, we used 7,914 landraces having georeferenced data and representing 10 East African countries. FloraMap, a window-based GIS software developed at the International Center for Tropical Agriculture (CIAT) in Cali, Columbia, was used to predict the occurrence of sorghum in individual countries of East Africa (Jones and Gladkov, 1999) . The FloraMap system is based on calculating the probability that a climate record belongs to a multivariate normal distribution described by the climates at the collection points of a calibration set of organisms. With its user-friendly software linked to agroclimatic and other databases, biodiversity specialists can create maps showing the most likely distribution of any particular species in nature. The basic input in the FloraMap software is the coordinates (Latitude and Longitude) of the collection site with a unique identifier. While working on the dataset, equal weights were allocated to the three climatic variables (rainfall, temperature and diurnal temperature), and an exponential transformation with a power of 0.3 was applied to the monthly rainfall data. Maps showing the districts with high probability (more than 50%) for sorghum occurrence with few and without, collection sites were considered as geographical gaps in the collection.
Diversity assessment
To assess the diversity in the collection from East African countries, 7,863 accessions having characterization data retrieved from ICRISAT's sorghum characterization database were used. Accessions were characterized in rainy (JuneNovember) and postrainy (October to March) seasons during 1977-2013, in vertisols, in batches of 500-1000 at ICRISAT, Patancheru, India (17 o 25'N latitude, 78 o 00'E longitude and 545 m.a.s.l.). Crop was raised in an augmented block design with three control accessions (IS 2205, IS 18758, IS 33844) in each block, repeated after every block of 20 accessions. Each accession was sown in one 4-m long row with spacing of 75 cm between rows, and the crop was thinned after two weeks leaving plant-to-plant distance of about 10 cm. Fertilizers were applied at the rate of 80 kg ha -1 N and 40 kg ha -1 P 2 O 5 in both the seasons. Appropriate crop production/protection measures were taken to raise a healthy crop.
Observations on days to 50% flowering and plant height (cm) were recorded during both rainy and postrainy seasons, while remaining traits such as number of basal tillers per plant, panicle exsertion, panicle length and width, seed width and 100 seed weight were recorded only during postrainy seasons. Observations were also recorded on 11 qualitative traits (plant pigmentation, nodal tillers, midrib color, panicle compactness and shape, glume color, glume covering, seed color, seed lustre, seed sub-coat, endosperm texture and threshability) following descriptors for sorghum (IBPGR and ICRISAT, 1993) . Days to 50% flowering were recorded on a plot basis while the remaining traits (except seed traits) were recorded on five randomly selected representative plants and averaged. Average width of 10 seeds at the widest point was recorded for seed width, while 100-seed weight was weighed from bulk sample of each accession.
Data analysis
The range and means were calculated for all traits, for basic and intermediate races and for each country of origin. The means for different traits were compared using the NewmanKeuls procedure (Newman, 1939; Keuls, 1952) and variances were tested using Levene's test (Levene, 1960) . Principal Component Analysis (PCA) was performed for 10 quantitative traits and Shannon-Weaver diversity index (H`) (Shannon and Weaver, 1949) was used to measure and compare phenotypic diversity for each trait. The diversity index (H`) was estimated for both quantitative and qualitative traits, for each race, and for each country of origin using GENSTAT 13.1. (VSN International, 2010) . Low value of H` indicates lack of genetic diversity in the collection.
Conclusion
Sorghum is an important cereal crop grown in both temperate and tropical regions in Africa, Asia, Europe and the Americas for food, feed, fodder and bioenergy purposes. The genebank at ICRISAT, India, conserves 39,923 accessions of sorghum germplasm from 93 countries, including 12,750 from 10 East African countries. The collection from East Africa is large, but with several gaps, showed wide variation for important traits. Races showed more variation than intermediate races for days to 50% flowering in postrainy season, plant height in rainy season, basal tillers per plant, panicle length, seed width and 100 seed weight. Race kafir and intermediate races, such as kafir-bicolor, kafir-caudatum and kafir-durra, were less diverse as compared to other races for the traits studied. Races and intermediate races differed significantly for almost all the quantitative traits studied. A total of 153 districts located in 50 provinces of 10 East African countries were found to be the geographical gaps. Both North and South Sudan were found as major gaps with seven and 50 districts, respectively. Rwanda is another important country showing 33 districts as gaps. Wild species such S. halepense, S. lanceolatum, S. macrochaeta, S. purpureosericeum and S. versicolor are present in the East African sorghum collection conserved in the genebank, while other species of sorghum were considered as taxonomic gaps. The gaps identified in the present study need to be explored on a priority basis to collect highly diverse sorghum germplasm.
